ABSTRACT. In this study, we attempted to explore the factors affecting the yield of cell-free fetal DNA (cffDNA) obtained from maternal blood samples, including the use of different types of collection tubes, the interval between sample processing, and sample shipping under extreme weather conditions. Blood samples were drawn into K 3 EDTA tubes and cellstabilizing tubes (Streck blood collection tube, BCT) from women pregnant with male fetuses. Real time PCR was used to amplify a β-actin gene fragment to measure the total plasma cell-free DNA concentration, while an SRY gene fragment was used to quantify the cffDNA. The samples in the K 3 EDTA tubes revealed a decreased quantity of SRY after 5 days of transportation, with a median of 25.9 copies/mL (P < 0.01); however, the value remained stable at 33.4 copies/mL in the BCT tubes. We observed a statistically significant increase in stability of the amount of total DNA in the 12798 Q. Wang et al.
INTRODUCTION
The discovery of circulating cell-free fetal DNA (cffDNA) in maternal circulation opens up new possibilities for non-invasive prenatal diagnosis (Lo et al., 1997; Alberry et al., 2007) . Although the origin of cffDNA has not yet been completely understood, several studies support the hypothesis that cffDNA arises from trophoblasts in the placenta (Flori et al., 2004) . Maternal plasma contains circulating cell-free DNA fragments originating from both the mother and the placenta. cffDNA derived from the placenta is known as the fetal fraction. The average fetal fraction in the maternal plasma is 10-15% when measured between gestational weeks 10 and 20; however, this can also range from under 3% to over 30% (Huang et al., 2008) . Previous research has shown that cffDNA is rapidly cleared from maternal circulation after delivery; this contributed to the emerging interest in cffDNA as a potential marker for prenatal diagnosis (Romao et al., 1992; Thomas et al., 1995) . Many researchers have explored the possibility of using cffDNA in the non-invasive prenatal diagnosis (NIPD) of fetal sex, RhD blood typing, aneuploidy, and single gene disorders, such as cystic fibrosis and Huntington's disease (Bustamante et al., 2008; Norbury et al., 2008; Buysse et al., 2013; Oxenford et al., 2013) . cffDNA is present in very low quantities in the body; therefore, it is important to optimize cffDNA yields when considering it for clinical diagnosis. Several factors should be taken into account in order to achieve this goal, including the type of kit used to extract DNA from the plasma samples, the time interval between drawing of the blood and sample processing for each individual, stable collection tubes, and the possibility that samples may be shipped prior to processing.
The most common method for the evaluation of cffDNA is through the detection of Y-chromosome-specific DNA (SRY gene) in the maternal circulatory system using real time PCR, which is the method used in this study. However, this method is not optimal for clinical analyses, as it cannot be applied to nearly 50% of the population. New approaches based on digital PCR, which can amplify fragments > 300 bp, have been previously reported (Norton et al., 2008) . Additional studies have shown that true cffDNA fragments are generally < 200 bp-long, likely because of cellular apoptosis (Chan et al., 2004 ). An increase in the concentration of fragments that are > 300 bp-long may be an indication of a compromised blood sample wherein the maternal leukocytes have released their genomic DNA (Lambert et al., 2002) .
In this study, we have evaluated the factors that may influence the yield of cffDNA. This could facilitate the development of standards required for the implementation of this technology in routine clinical practice.
MATERIAL AND METHODS

Subject enrollment
Women who were pregnant with male fetuses undergoing amniocentesis or chorionic villus sampling and exhibiting a high risk of fetal chromosomal defects, and couples with a clinical history of gender-associated disorders referred to the Centre for Prenatal Diagnosis, Shengjing Hospital of China Medical University and the Human Genetics department, Catholic University of Leuven between October 2011 and May 2013 were included in this study. The study was approved by the ethics commissions of both Universities. Each recruited pregnant woman received genetic counseling and was requested to sign an informed consent form. All pregnancies were single pregnancies.
Sample preparation
The effects of extreme outdoor temperatures and transportation time on DNA concentrations were analyzed to explore the possibility of shipping blood samples to a large centralized and standardized high throughput processing site. Two 10 mL blood samples were collected from 100 pregnant women to examine the effects of shipping on total blood. The first tube was processed immediately (control), and the second was placed in foam, packed in Styrofoam boxes, and shipped for 2 or 5 days under temperature conditions ranging from 0° to 10°C. The concentration of DNA in blood exposed to outdoor temperatures (0°-30°C and -20°-0°C) was also determined using the same scheme. Two 10 mL blood samples were collected from 120 pregnant women to examine the effects of shipping on the characteristics of total blood. The first tube was processed immediately (control), and the second was placed in foam, packed in Styrofoam boxes, and shipped to the north of China (delivery in 48 h). The blood samples from all subjects were divided and stored in two tubes: a BCT tube and a K 3 EDTA tube at each time point; both samples were analyzed to determine the effect of each type of storage tube on the characteristics of blood.
DNA extraction
Plasma was separated from the blood cells by centrifugation at 2000 g for 10 minutes; the clear plasma phase on top was transferred to a new tube, and centrifuged at 14000 g. The supernatant was transferred to a fresh tube for DNA extraction. DNA was extracted from plasma (5 mL) using the QIAamp Circulating Nucleic Acid (CNA) kit (QIAamp Circulating Nucleic Acid kit, Qiagen, Venlo, Netherlands) according to the manufacturer protocols. Lysis buffer was added to the extension tubes, which were placed directly onto the columns. The columns containing the plasma and lysis buffer were placed on a vacuum manifold (Qiagen), and the liquid was drawn through the column using a vacuum pump (and not centrifuged). The DNA was eluted in a final volume of 50 µL.
Real-time PCR
The SRY gene in each sample was evaluated using real time PCR on a Roche LightCycler 480 (Roche Diagnostics, Basel, Switzerland). The SRY primer and probe sequences were obtained from Lo et al. (1998) . Amplification was performed in a 25 µL reaction mixture containing 10 µL extracted DNA, 1X LightCycler 480 Probes Master, 200 nM forward primer, 200 nM reverse primer, 100 nM hydrolysis probe, and 0.38 units of uracil-N-glycosylase (Invitrogen, Cergy-Pontoise, France). Two positive (β-actin) and three negative (blank) controls were used for each set of reactions; all samples were tested thrice in duplicate. The cycling parameters were set as follows: an initial denaturation step at 95°C for 15 min, 40 cycles at 99°C for 2 min, 65°C for 2 min, and 72°C for 3 min, and a final extension step at 72°C for 10 min. Five percent of the samples were repeated to ensure quality control.
Statistical analysis
The paired-test was used to evaluate the differences between samples processed immediately and after transportation. All statistical calculations were performed using the SPSS software (IBM, Armonk, NY, USA). P values < 0.05 were considered to be significant.
RESULTS
Sample transportation time
The experiments were performed between 0 and 10°C. The median gestational age of plasma samples was 13 weeks. The amount of SRY DNA originating from the male fetus, detected in the plasma of the immediately processed blood samples collected in standard K 3 EDTA and BCT tubes, corresponded to a median of 31 and 33 copies/mL, respectively. The results of samples processed for 0.5 h did not differ significantly between the BCT and the standard K 3 EDTA tubes. The samples collected in the K 3 EDTA tubes detected a lower amount of SRY after 5 days of transportation, with a median of 25.9 copies/mL (P < 0.01); however, the value remained stable at 33.4 copies/mL in BCT tubes ( Figure 1A) . We also observed a significant increase (P < 0.01) in the total DNA levels in the samples collected in the K 3 EDTA tubes ( Figure 1B) . The samples tested after 2 days of transportation did not show any significant differences in results between the two tubes. 
Effect of outdoor temperatures on the samples
There was no significant difference in the concentration of male cffDNA between the control and shipped BCT tubes under extreme outdoor temperatures (-20°-0°C), whereas a decrease was observed in the K 3 EDTA tubes after shipment (from a median of 29.1 copies/mL to 24.4 copies/ mL). However, we observed a statistically significant increase in the amount of total DNA in the shipped K 3 EDTA blood samples (P < 0.01) compared to the control samples after transportation (Figure 2A ). The concentration of male cffDNA in the control and shipped K 3 EDTA and BCT tubes decreased slightly under extreme outdoor temperature conditions (0°-30°C; Figure 2B ), while the concentration of total DNA increased in the K 3 EDTA and BCT tubes. The median gestational age of the pregnancies tested in this group was 13+5 weeks. Effect of shipping on the concentrations of total DNA (temperature -20°-0°C) and male cffDNA (temperature 0°-30°C) in blood. The concentrations of (A) male cffDNA and (B) total DNA were determined by real time PCR. We observed a statistically significant increase in the total DNA level in the shipped samples that were initially drawn into K3EDTA tubes (white bars). The same samples drawn into BCT tubes (gray bars) showed no statistically significant changes in the concentration of male cffDNA.
DISCUSSION
The most effective method of preventing the release of genomic DNA into the plasma fraction is its immediate processing after phlebotomy; however, the need for immediate processing limits the diagnostic use of cffDNA, particularly in local clinics lacking the laboratory equipment and expertise needed for plasma processing (Chan et al., 2005) . Therefore, factors that influence the quantity of cffDNA have been investigated, including the time interval between the drawing of the blood and plasma processing (Angert et al., 2003; Xue et al., 2009) , the type of collection tube used (Banfi et al., 2007) , and the safe transport of specimens.
The β-actin gene was used to calculate the total copy number of DNA per mL plasma; the SRY gene assay indicated the total quantity of male cffDNA in the sample. In the first series of transportation time experiments, individual blood samples prepared at different time intervals after transportation were analyzed. The samples analyzed when delivered after 2 days showed no significant changes. The samples in K 3 EDTA tubes analyzed after 5 days of transportation showed a lower concentration of the SRY gene, with a median of 25.9 copies/mL (P < 0.01). This could be attributed to either cffDNA breakdown or disturbances caused as a result of excess maternal DNA. Clausen et al. (2103) reported that neither the levels nor the detection of cffDNA was affected by the transportation of blood samples for up to 9 days, despite a substantial elevation in total DNA. A major factor to be considered is that as the blood samples were collected at a gestational age of 25 weeks, a greater amount of cffDNA was released into maternal blood. However, several studies have also shown that cffDNA is stable within the first 24 hours after sample collection (Angert et al., 2003; Zhang et al., 2008; Barrett et al., 2011) . Based on the results of our study, it could be concluded that cffDNA was stable in blood samples for up to 2 days in both tubes. In the second series of temperature-related experiments, we observed a slight decrease in cffDNA quantity in the K 3 EDTA collection tubes after shipment (median of 29.1 to 24.4 copies/mL) under extreme outdoor temperatures (-20°-0°C). An increase or decrease of less than 5 copies/mL is not a great number, especially considering a realistic increase or decrease. We observed a statistically significant increase in the amount of total DNA in the shipped K 3 EDTA blood samples (P < 0.01) compared to the control values after 2 days of transportation under extreme outdoor temperatures (-20°-0°C), indicating the release of a greater quantity of DNA from the maternal cells. Hidestrand et al. (2012) reported the influence of temperature during transportation in cell-free DNA analysis; however, their study did not include performed in extreme cold outdoor temperatures (< 0°C). This is the first study analyzing the effect of shipping under extreme outdoor temperatures (-20°-0°C) on blood samples. The major limitation of our study is that environmental indicators were not included in the shipment box as a precaution; this must be done to avoid making interpretations of false results obtained as a result of exposure to unfavorable temperatures and shipping conditions. Barrett et al. (2011) reported no differences in the proportion of fetal DNA in plasma extracted from cells stored in K 3 EDTA or BCT tubes at four and eight hours after drawing of the blood; however, they reported significant benefits to the use of BCT tubes for ≥ 24 hours of storage. In this study, the use of BCT and K 3 EDTA tubes for storage of plasma samples to be shipped under extreme weather conditions was compared; the results of this study confirmed that samples stored in BCT tubes gave better results when shipped and delivered after 2 days. BCT tubes would, therefore, be the first choice for the shipping of samples under temperatures of -20°-0°C. Fernando et al. (2012) also reported that BCT tubes could maintain the proportion of cell-free DNA over long periods of time; this was confirmed in our studies.
In conclusion, the presence of excess maternal DNA could be avoided during shipment under extreme weather conditions for no more than 2 days by collecting the blood samples in BCT tubes. The determination of factors that could influence the yield of cffDNA could assist in the development of a non-invasive prenatal diagnostic technique utilizing cffDNA.
